The fractionally charged quasiparticles appearing in the 5/2 fractional quantum Hall plateau are predicted to have an extra non-local degree of freedom, known as topological charge. We show how this topological charge can block the tunnelling of these particles, and how such topological blockade can be used to readout their topological charge. We argue that the short time scale required for this measurement is favorable for the detection of the non-Abelian anyonic statistics of the quasiparticles. We also show how topological blockade can be used to measure braiding statistics, and to couple a topological qubit with a conventional one.
The fractionally charged quasiparticles appearing in the 5/2 fractional quantum Hall plateau are predicted to have an extra non-local degree of freedom, known as topological charge. We show how this topological charge can block the tunnelling of these particles, and how such topological blockade can be used to readout their topological charge. We argue that the short time scale required for this measurement is favorable for the detection of the non-Abelian anyonic statistics of the quasiparticles. We also show how topological blockade can be used to measure braiding statistics, and to couple a topological qubit with a conventional one. Introduction.-The 5/2 fractional quantum Hall plateau is expected to be described by the Moore-Read wave function [1] or its particle-hole conjugate AntiPfaffian state [2, 3] . This means that every pair of e/4 quasiparticles appearing in this phase have an extra neutral degree of freedom, topological charge, which does not affect local measurements and does not influence the energy of the system as long as they are well separated.
Topological charge manifests itself in the peculiar braiding statistics of these quasiparticles [4, 5] : they are non-Abelian anyons and their topological degree of freedom can be manipulated through ordered exchanges of quasiparticles whose result is independent of the path used for braiding. Such stability under local perturbations allows to exploit non-Abelian anyons to store and process quantum information in a way that is highly protected from thermal noise and thus to potentially implement a topological quantum computer [6, 7] .
However there is no definite experimental proof that topological charge indeed exists. Even when two quasiparticles are close to each other, there are no clear cut signatures of the topological charge: this extra degree of freedom is completely charge-neutral, and hence very hard to detect. The most actively developed tool predicted to readout the combined state of several nonAbelian anyons, and to prove they possess fractional statistics, is non-Abelian Fabry-Perot interferometry [7] [8] [9] [10] [11] [12] . However, the currently existing non-Abelian interference experiments [13] [14] [15] [16] are not conclusive. The interferometers are relatively sensitive to dephasing, since the length of the trajectory has to be sufficiently large. Moreover they are described by a rather complicated theory [17] due to the presence of many types of edge excitations [18, 19] . In addition the interferometers are sensitive to all the anyons encircled by the interference loop, some of which may even be coupled to edge states, further obscuring the interpretation of the results [20] [21] [22] [23] [24] . Other tools exist designed to probe macroscopic consequences of the existence of topological charge [25] [26] [27] [28] , however they do not allow to follow the behavior of a single anyonic excitation. Here we propose a setup for measuring the topological charge that does not suffer from these limitations. Our setup is local, so it is only sensitive to the topological charge of two anyons, and it does not rely on using edge states. Instead it is based on the phenomenon of topological blockade, explained below.
We begin our consideration from the simple observation that any inherent property of a particle that may impose an energy penalty, can also prevent its motion. The most commonly known examples are the electric charge, which causes Coulomb blockade, and spin, resulting in spin blockade [29] [30] [31] [32] [33] [34] [35] [36] . Less common examples include the position of a particle, causing elastic blockade [37] . Topological charge makes no exception: if the energy cost required to move two anyons onto the same region in space (fusing) is too high due to their topological (1) as ε, which states the energy of the (1,1) charge configuration, is varied. Two avoided crossings occur when ε is degenerate with the fusion energies εΨ, ε1 of the anyons. Blue solid (red dashed) lines identify the eigenstates of the Hamiltonian with topological charge 1 (Ψ). In the energy window between εΨ and ε1 a blockaded regime occurs, with the (1,1) charge configuration favorable if the topological charge is 1 but not if it is Ψ. For ε εΨ and ε ε1, the charge configurations (1, 1) and (0, 2) are respectively favored, independently on the topological charge shared by the anyons (far-detuned regimes).
charge, then the anyons will not move. Since anyons have charge, detecting their position is not much harder than that of usual electrons, and standard techniques such as QPC charge sensing [30, 38] or single electron transistor probes [39] can be used for this purpose [40] . Blockade measurements are a standard technique in quantum systems, and they are much simpler than the measurement of a force acting on a single quasiparticle, proposed as an alternative to interferometry in Ref. [45] .
The particular setup for the detection of topological charge that we propose is very similar to that of a singlettriplet spin qubit (see Fig. 1 ), where spin blockade is successfully used to distinguish a singlet state of two electrons from a triplet one [32, 35] . Two anyons are trapped to two dots formed by metallic gates [41] . The energies of the anyons are controlled by gate voltages, and the charge position is measured by a nearby charge sensor.
In the following we analyze the performance of the proposed topological blockade readout of topological charge using a model calculation. We continue by discussing experimental challenges and important energy scales for measuring topological blockade. Finally, we propose several applications of topological blockade: a setup that should measure non-Abelian braiding statistics, and a setup allowing to entangle a topological qubit with a singlet-triplet qubit.
The model.-A topological qubit, shown in Fig. 1b , consists out of two quantum dots trapping a pair of quasiparticles with charge e/4 (Ising anyons). The energy levels of the dots can be separately controlled by varying gate voltages. When the gate voltage difference is small, the occupation number of both dots is equal, so that the system is in the (1, 1) configuration, where each index describes the occupation of each dot. When the voltage difference between the two dots is sufficiently large, a quasiparticle tunnels from the left dot to the neighboring one, and the ground state of the system becomes (0, 2). Different states of the qubit are characterized by the fusion channel of two quasiparticles: vacuum (1) or fermion (Ψ). We consider a limited gate voltage interval such that the excited orbital states and the charge (2, 0) arrangement are higher in energy than the four states relevant for the readout:
Similar to the singlet-triplet qubit case [33] , the Hamiltonian of the topological qubit is given by
Here ε is the energy of states |(1, 1)1 and |(1, 1)Ψ , while ε 1 and ε Ψ are the energies of the states |(0, 2)1 and |(0, 2)Ψ respectively. For definiteness we assume that ε Ψ < ε 1 [45] , however our conclusions are not limited to this assumption. The tunneling between different charge configurations has amplitude δ. As any local process, this tunneling preserves the topological charge. The energy levels of the Hamiltonian (1) are shown in Fig. 2 as a function of ε, which is controlled by gate voltages. The two charge configurations (1, 1), (0, 2) become degenerate in the Ψ (1) channel when ε = ε Ψ (ε = ε 1 ), and consequently δ leads to avoided crossings in the spectrum. Between the two crossings, there exists an energy window of width ∆ = ε 1 − ε Ψ where the (0, 2) occupancy is favored with respect to the (1, 1) occupancy if the topological charge is Ψ but not if it is 1. This identifies the blockaded regime, where charge tunnelling is allowed or blocked depending on the fusion channel of the anyons. The energy ∆ is similar to the singlet-triplet exchange splitting in spin blockade. This blocked region allows for efficient conversion from topological charge to real charge and hence allows readout of the topological state.
The topological charge of the double-dot system is subject to decoherence, due to coupling to the edges or other impurities in the quantum Hall liquid surrounding the system, which may cause transitions between the 1 and Ψ states in the same charge configuration. Assuming this process is independent of ε, we introduce a constant decay rate γ and model the time evolution of our system using a Lindblad master equatioṅ
with operators Readout.-The topological charge in the (1, 1) configuration at ε Ψ , can be determined by bringing it adiabatically through the avoided crossing into the blocked region, and measuring the final charge configuration. This requires that the charge manipulation is performed on a time scale τ h/δ (to avoid LandauZener transitions at the crossing).
If instead the topological charge relaxes too rapidly to perform the adiabatic passage, a faster readout procedure is needed. We describe here a method analogous to the rapid single-shot measurements of singlet-triplet qubits [35] . The system is initialized at ε ε Ψ and the energy is then increased non-adiabatically to ε ∼ ε Ψ for a short pulse of duration τ , after which ε is driven back to the initial value with a second fast pulse. The topological charge is again inferred by a charge measurement of the final occupancies of the dots.
During the pulse, two anyons in the Ψ channel oscillate between the (1, 1) and (0, 2) charge configurations with period h/2δ. If τ equals half of this period, the transition probability from |(1, 1)Ψ to |(0, 2)Ψ is maximized. An analogous charge transition in the vacuum channel is strongly suppressed because the state |(0, 2)1 lies at a higher energy ε 1 . In the ideal case, the initial topological charge can be inferred by the final occupancies of the dot, with (1, 1) and (0, 2) corresponding to 1 and Ψ respectively. Unlike the adiabatic measurement, the time allowed for the charge measurement in this case is limited by the electric charge relaxation to the ground state, (0, 2) → (1, 1).
In a more realistic scenario, incoherent processes may alter the results and the position of the resonance cannot be known in advance with great accuracy. Fig. 3 shows the probability to measure the charge configuration (0, 2) after a pulse of duration τ is performed at an energy ε, sweeping a range of width ∆ centered around Ψ , for the two different initial topological charges. Coherent oscillations dominate in the Ψ channel for τ h/γ, leading to fringes with peaks at τ * n = (n + 1/2)h/2δ. The brightest peak occurs at τ * 0 = h/4δ, making this the optimal duration of the pulse. If ε is varied for longer times and away from the resonance, the period of the fringes shortens and their intensity diminishes. Since this readout method works identically if ε ∼ ε 1 (only with the roles of 1 and Ψ states interchanged), either can be used to detect the topological charge of the prepared state.
The sum of the charge manipulation time τ and the charge readout time should be much shorter than the topological charge relaxation time, which is equal to h/γ. The adiabatic charge manipulation requires τ h/δ, while the coherent manipulation requires a faster time scale τ ∼ h/4δ, hence we arrive at the condition δ γ. If single shot readout is desired, the charge readout time should also be much shorter than the topological charge relaxation time h/γ. However, a quick low fidelity readout of the charge position is sufficient for the detection of the topological charge, since the measurements can be repeated many times. Additionally, in order for for the two topological charges to be distinguishable, the blockaded region should be larger than the region where charge tunneling occurs δ ∆. The appropriate parameter conditions can be reached by a careful design of the setup. It has been estimated that an effective potential in the two-dimensional electron gas with a width of a few magnetic lengths (l B ) can trap single quasiholes with a typical radius of 3l B ≈ 30 nm [42] [43] [44] . Under this assumption, numerical works calculated ∆ ≈ 0.01e 2 / l B with an upper bound of 1K [43, 45] . For larger dots ∆ is reduced since it is bounded from above by the level spacing. The speed of relaxation of the topological charge γ due to the coupling to disorder-induced anyons can be estimated as ∆ e −l/ξ , with ξ ≈ 2.3l B the characteristic length scale associated with the quantum Hall liquid excitation gap [45] and l the distance of the double-dot system from the nearest impurity. Requiring γ ≈ 0.01∆ then yields a lower bound l ≈ 100 nm. Finally δ is exponentially small in the distance between the dots, so the condition δ ∆ requires the inter-dot distance to be larger than ξ.
These requirements are less stringent than the requirements for operation of a non-Abelian interferometer. There the readout time must still be shorter than h/γ, however it should also be much larger than the time of flight of a neutral excitation through the interferometer loop. This time of flight is given by L/v L/∆ξ, with L ξ the length of the interferometer path. Additionally, γ is increased due to the coupling of the interferometer loop to bulk anyons [22, 24] . The non-Abelian interferometers however have the advantage that they are able to measure the Abelian part of the braiding statistics [7, 15, 23] , to which topological blockade is completely insensitive. The interferometers can also measure topological charge of more than two anyons, unlike the topological blockade.
Quasiparticles in the Abelian 331 state [46] , which is the most likely alternative to the Pfaffian state, have finite spin polarization, and hence may cause spin blockade. However due to the large Zeeman splitting, the equilibrium spin distribution is highly imbalanced, unlike the topological charge. This imbalance can be easily detected by performing a series of repeated blockade measurements.
Using existent technology, the smallest dots can be formed by local top gates with size ∼ 100 nm. This is similar to the expected quasiparticle size. The effective confinement potential is expected to be still smoother than this scale because the 2DEG is located ∼ 50 nm away from the gate. Nevertheless since the splitting is only suppressed linearly with the size of the ungapped region, we expect that this will not result in big suppression of the ∆. As long as the gate potentials are sufficiently small, these local gates just attract excess quasiparticles without forming the edge states. A local charge sensor similar to the one used in Ref. [40] could be fabricated in proximity to one of the dots, as shown in Fig. 1c .
Detection of non-Abelian statistics.-In order to detect non-Abelian braiding statistics of the anyons, one needs to combine the topological blockade-based readout device with a minimal setup for exchanging two anyons [47] . This setup is shown in Fig. 4a , and it consists of a topological qubit with two extra dots hosting a single e/4 quasiparticle. The quasiparticles are moved by varying the potential of the dots. Both braiding and detection can then be performed in the four dot setup, using the same protocol proposed in [9] in the context of interferometric devices.
Coupling with conventional qubits.-Since topological blockade allows to translate the topological charge into the position of the electric charge, it becomes possible to couple a topological qubit with conventional quantum systems, similarly to what was done with Majorana qubits in superconducting systems [48] [49] [50] . Both topological and spin blockade translate the qubit degree of freedom into an electric charge configuration. In the case of singlet-triplet qubits, this effect has been used to couple two neighboring double dots in order to produce two-qubit entanglement [51] . The same method can be explored to couple capacitively a topological qubit to a singlet-triplet qubit hosted in a nearby double quantum dot (see Fig. 4b ). Independent measurements on the two qubits can still be performed via two chargesensing quantum point contacts. Additionally, the oscillatory motion of electric charge at the transition between (1, 1) and (0, 2) states can also be used to couple the topological charge to electromagnetic radiation, thus allowing coupling of a topological qubit with cavity qubits. Since the gate pattern needed to define the double-dot hosting the singlet-triplet qubit will likely introduce undesired edges in the quantum Hall liquid, it would be necessary to have the second qubit in a different layer of the nanostructure. Another difficulty to overcome is the presence of a strong magnetic field which increases the Zeeman splitting of the triplet states and makes it comparable with the exchange splitting in the singlet-triplet system, potentially ruining the operation of the spin qubit.
Conclusions.-In conclusion, we have showed how to use topological blockade to measure topological charge. While we focused on the most experimentally relevant case of the 5/2 fractional quantum Hall plateau, the same method applies to any non-Abelian phase as long as the anyons also have electric charge. We have shown that the topological blockade is more robust than the nonAbelian interferometry, in part due to being insensitive to the Aharonov-Bohm phase. The downside is that it cannot probe the Abelian part of the braiding statistics. Finally, we have also shown how to use topological blockade to measure braiding statistics and to couple topological qubits with a singlet-triplet spin qubit.
